A fiber Bragg grating (FBG) sensor for detection of ultrasonic waves in liquids and solid structures is investigated. The sensor contains a fiber probe with a FBG, a tunable narrowband laser source, and a photodetector. When ultrasonic waves impinge on the fiber probe, the pitch of the grating is modulated through the elasto-optic effect. The corresponding changes in reflectivity of the grating are detected by a photodetector. The sensitivity of the sensor and its frequency and directional response in the 0.5 to 3.0 MHz range are measured. Some anomalous features of the FBG ultrasound sensor response are noted. It is shown that these features result from a combination of the sensor's response to the direct ultrasonic waves propagating through the medium and the signal generated by axially guided ultrasonic waves propagating through the fiber probe.
Introduction
Ultrasonic techniques are widely used in a variety of scientific and commercial applications for process monitoring, in smart structures design, and in medicine. 1 A number of fiber optic ultrasonic sensors suitable for these applications are described in the literature. The majority of these sensors such as fiberized Mach-Zehnder, 2 Michelson, 3 Sagnac, 4 or Fabry-Perot 5 detectors are based on fiber optic interferometry. Alternative approaches such as polarization-based 6 and fiber Bragg gratings based sensors 7, 8 have also been proposed.
Fiber optic ultrasonic sensors can be categorized with respect to their spatial resolution into two types: distributed sensors that are sensitive to ultrasound along the whole length of a fiber probe, and localized sensors that are sensitive to ultrasound only over a relatively short sensing segment of the fiber probe. Most interferometric fiber optic sensors and polarization-based sensors are distributed sensors. This feature allows the use of a single sensor to detect ultrasonic signals from multiple sources, 9 and increases the sensitivity of the sensors by proper looping of the sensing fiber. 10 However, some applications require measurement of ultrasonic fields with high spatial resolution. An example of such an application is measurement of the ultrasonic amplitude at the focal point of high-power ultrasonic transducers. 7 Until recently, the list of available localized fiber optic ultrasonic sensors was limited to the intrinsic 5 and the extrinsic Fabry-Perot 11 interferometers. While both configurations of the interferometer allow reliable ultrasonic detection at a single location, it is very difficult to multiplex these sensors due to high insertion losses introduced by the Fabry-Perot cavity formed inside the fiber. Fiber Bragg grating ͑FBG͒ ultrasonic sensors potentially can offer a valuable alternative to Fabry-Perot sensors, especially for cases of multiplexed operation. 7, 8 Since their introduction in 1978, fiber Bragg gratings 12 have attracted significant attention in the telecommunications industry. FBGs have also been successfully used for sensing applications. 13 FBGs offer distinct advantages for remote sensing such as ease of multiplexing, and simultaneous measurement of several parameters such as temperature and strain.
14 FBGs are small in size and light in weight, they are insensitive to electromagnetic interface ͑EMI͒, and they can be embedded into composite structures.
Two different schemes have been proposed for the use of an FBG sensor for detection of ultrasound. In the first case, the FBG is used in combination with a broadband laser source and the ultrasonic signal is extracted by wavelength demodulation techniques. 7, 15 The second approach is based on monitoring of ultrasound-induced reflectivity modulation of an FBG using a narrowband laser, i.e., the ultrasonic signal is intensity encoded. 16 It has been shown that the FBG sensor can be used for detection of ultrasonic waves from 1 kHz to 3 MHz frequency range, 14, 16 and its response is almost linear within 1 to 200 kHz range. 16 Good linearity between the detected signal and the sound pressure is obtained in the range from 81 to 140 dB re 1 Pa. 8 These data show that FBG ultrasonic sensors are promising tools for intrinsic acoustic detection. However, there is a need for further characterization of these devices, because in some cases unexpected amplitude fluctuations of the FBG signals have been reported. 15 Furthermore, the performance of these sensors in the megahertz range ͑most desirable for biomedical applications͒ has not yet been quantitatively explored.
We describe a FBG ultrasonic sensor based on the reflectivity modulation approach. The sensitivity of the sen-sor, its frequency, and directional response in the 0.5 to 5.0 MHz range are measured. Our experiments show that the resulting signal from the FBG sensor is a superposition of the sensor's response to the ultrasonic waves propagating through the medium and the axially guided ultrasonic waves propagating through the fiber probe itself.
Principle of Operation

Modulation of FBG Parameters by Acoustic Waves
The FBG in its most basic form consists of a periodic modulation of the refractive index along a single mode fiber ͓see Fig. 1͑a͔͒ . 13 The FBG is a distributed reflector, acting as a narrowband reflection filter. The maximum reflectivity of the FBG occurs at a wavelength that matches the Bragg condition:
where the Bragg grating wavelength B is the free-space center wavelength of the input light that will be backreflected from the FBG, n eff is the effective refractive index of the fiber core, and ⌳ is the FBG period ͓see Fig. 1͑b͔͒ . When an ultrasonic wave impinges on an optical fiber with a FBG ͑immersed in water͒, the refractive index of the fiber and the FBG period are modulated due to ultrasoundinduced mechanical strain in the fiber through the elastooptic effect. For the case of a single mode fiber and plane ultrasonic wave at normal incidence ͓see Fig. 2͑a͔͒ , the changes in the physical length L and refractive index n of the fiber can be written as a function of the pressure ⌬ P as:
where E and v are the Young's modulus and Poisson's ratio of the fiber, ⌬ P is the pressure variation that in our case is caused by ultrasound, and p 12 and p 11 are components of the strain-optic tensor for the fiber material. 14 Given ⌬L/Lϭ⌬⌳/⌳, the spectral shift of the FBG as a function of pressure becomes: The last expression shows that the spectral shift of the FBG is directly proportional to the acoustic pressure ⌬ P. Xu et al. 17 have reported ⌬ B /⌬ P to be 0.003 nm/MPa over hydrostatic pressure range of 70 MPa for a FBG with peak reflectivity of 80%, and bandwidth of 0.7 nm at a Bragg wavelength of 1533 nm.
It should be noted that this approximation is valid only for the case of normal incidence of low-frequency acoustic waves with wavelengths significantly larger than the diameter of the optical fiber. If the acoustic wavelength is comparable to the diameter of the optical fiber and/or the ultrasonic wave impinges on the fiber at an angle, the stress distribution along the FBG will no longer be uniform. In such cases, nonuniform changes of the FBG pitch as well as other factors such as axially guided ultrasonic waves described in the following sections, must be taken into account.
Wavelength Demodulation of Acoustic-Induced FBG Signal
An ideal wavelength demodulator for ultrasonic applications should provide broad detection bandwidth ͑typically 0.5 to 10 MHz͒ and high sensitivity, since ultrasonicinduced FBG spectral shifts are very small ͑ϳ1 pm͒. A typical FBG demodulation system includes a broadband laser source and wavelength detector such as an unbalanced interferometer, and a scanning tunable or edge filter. 13 However, these schemes do not always provide the required detection bandwidth and sensitivity because the optical sensitivity of the detector is limited by the low optical power reflected by the narrowband FBG from a broadband source. Furthermore, typical spectral resolution of a low-cost tunable filter or spectrometer is usually not sufficient for detection of subpicometer spectral shifts. 18 The FBG ultrasonic sensor proposed by Fisher et al. 15 employed a heterodyne unbalanced Mach-Zehnder interferometer for demodulation of the FBG signal. A wideband LED was used as the optical source. It was shown that the sensor can be used for detection of continuous ultrasonic waves in a megahertz frequency range. However, this demodulation scheme does not provide time-resolved ultrasonic signals and can be used only for amplitude measurements of continuous harmonic signals.
In this work, we use an alternative high sensitivity and broadband demodulation scheme that allows direct conversion of the FBG spectral shift into optical intensity. 16, 19 This technique employs a narrowband tunable laser source with linewidth smaller than the reflection bandwidth of the Bragg grating. During operation the laser source is tuned to the wavelength for which reflectivity from the Bragg grating is about 50% of maximum. This allows operating the sensor within a linear region of the Bragg grating spectrum slope ͑see Fig. 3͒ . When ultrasonic waves impinge on the fiber, the period of the grating is modulated by the acoustically induced mechanical strain through the elasto-optic effect. The variation of the FBG pitch changes the reflectivity of the grating at the wavelength of laser irradiation, and the resulting ultrasonic-induced intensity modulation of the reflected beam is detected by a photodetector.
Sensor Design
A schematic of the FBG sensor is shown in Fig. 4͑a͒ . A narrowband tunable laser ͑wavelength 780 nm, tuning range 10 nm, 100-MHz linewidth, output power 1.5 mW͒ was used as the optical source. The laser beam was coupled into a single mode fiber ͑after it passes through an optical isolator͒ and was delivered to the FBG sensor. The sensing element was a uniform FBG with center wavelength of 780.4 nm, bandwidth of 0.15 nm, length of 1.7 mm, and reflectivity 56%. The FBG transmission plot is shown in Fig. 4͑b͒ . During operation the laser was tuned to the center of either slope of the Bragg grating spectrum. The FBG signal was monitored by a Si photodetector ͑bandwidth 10 MHz͒ in transmission mode at the output end of the fiber, or in the reflection mode after passing the fiber optic coupler.
The wavelength of the laser was locked to the midreflection wavelength of the FBG by an electronic feedback system 5 to compensate for low-frequency drift of the FBG due to temperature changes or static mechanical strain of the fiber. However, we found that for measurements in water at room temperature, this compensation was not essential over extended periods of time.
Sensor Characterization
Response of the FBG Sensor at Normal Incidence
To calibrate the FBG sensor, the same ultrasonic signal was measured by the FBG sensor and a previously characterized fiber optic Sagnac ultrasonic sensor. 4 A 10-cycle ultrasonic toneburst was provided by a 2.25-MHz immersed piezoelectric transducer ͑Panametrics͒. The FBG and the Sagnac fiber probes were placed together in a water tank. A 1.7-mm diaphragm was placed in front of the sensors to insure that the length of insonification on both sensors was equal to the length of the FBG ͓see Fig. 5͑a͔͒ . A representative singleshot signal from the FBG sensor operating in reflection mode is shown in Fig. 5͑b͒ . Since both fiber probes had the same diameter of fiber core and cladding and were of the same material, it can be assumed that the acoustic-induced strains and refractive index changes were the same for both probes.
The amplitude of the ultrasonic-induced phase modulation was measured from the Sagnac sensor signal to be 0.056 rad for 633-nm laser wavelength, and this is equivalent to an optical path difference of 0.0056 m over 1.7 mm of fiber length. The FBG spectral shift corresponding to this optical path difference was calculated using Eq. ͑1͒ to be 1.8 pm. For an FBG response slope of 4.5 nm Ϫ1 , measured from Fig. 4͑b͒ , the theoretical amplitude of the FBG signal was estimated to be 0.008 of the maximum reflectivity signal. For the parameters of our system, the calculated amplitude was 10.4 mV, while the measured value was 11.2 mV. The accuracy of the calibration is therefore better than 10%. The measured signal-to-noise ratio was 11.7 dB, which corresponds to a minimal detectable spectral shift of 0.13 pm for a 10-MHz detection bandwidth.
This experiment shows that the response of the FBG sensor for low-frequency ultrasonic waves at normal incidence is defined mainly by the uniform acoustic-induced strain of the fiber. The demonstrated sensitivity in this configuration makes this sensor applicable for most process monitoring applications where it is possible to ensure that the insonification direction is normal to the fiber.
Response of the FBG Sensor to Oblique
Ultrasonic Waves
Experimental procedure
To characterize the directivity and frequency response of the FBG sensor, we next measured the response of the sensor to a broadband ultrasonic pulse for a wide range of incidence angles. An initial test of the FBG sensor frequency response at normal incidence was performed by detection of ultrasonic tonebursts with a frequency of up to 10 MHz. It was found that the FBG sensor was capable of detecting ultrasonic signals within 0.5 to 5.0 MHz frequency range. A sharp roll-off was observed for ultrasonic signals with frequency higher than 5 MHz. Based on this observation, the bandwidth of the broadband calibration signal used for directivity measurements was selected to be 0.5 to 3.0 MHz. An electrical comb signal with 0.5 to 3.0 MHz bandwidth was generated by an arbitrary function generator and was used to drive a broadband PZT transducer ͑Panamet-rics, center frequency 2.25 MHZ͒. The generated ultrasonic wave was first detected by a free-space Michelson interferometer ͑bandwidth 0.5 to 15 MHz͒ on a 4-m reflective Mylar membrane used as a window in a water tank. 20 The signal obtained was used as a reference for further processing. The reference signal and its spectrum are shown in Figs. 6͑a͒ and 6͑b͒.
Next, this broadband ultrasonic pulse was used to insonify the FBG sensor. The incident angle was varied within a Ϯ60-deg range in 1-deg steps by precise rotation of the fiber probe around the center of the FBG. The measured peak-to-peak amplitude of the detected signal versus angle of incidence is shown in Fig. 7͑a͒ . The spectrum of the signal for each angular position was calculated using the fast Fourier transform ͑FFT͒ algorithm. The frequency response of the sensor as a function of the angle of incidence is shown as a spectral plot in Fig. 7͑b͒ . The horizontal axis corresponds to the incident angle, and the vertical axis is the frequency. The intensity of the each pixel along the vertical lines on the image is proportional to the amplitude of the normalized FFT spectrum for the FBG signal at a given angle of incidence. Normalization was performed with respect to the spectral maximum of each signal. This provides a convenient representation of angular and frequency response of the FBG sensor on a single plot.
Angular and frequency response of the FBG sensor for oblique ultrasonic waves
The results show that the angular and frequency response of the FBG sensor is significantly different than those obtained for distributed interferometric sensors reported in the literature. 4, 21, 22 Some notable aspects of the FBG sensor response for oblique ultrasonic waves are its wide directional sensitivity ͑more than 120 deg in 0.5 to 1-MHz frequency range͒, and the surprisingly strong side lobes in its directivity pattern at ϳ30 deg of incidence. These features can be explained as a result of the combined action of several factors that determine the grating response to an oblique ultrasonic wave.
In general, the angular response of a line ultrasonic receiver is a function of the angle of incidence and the ratio between the length of the receiver and the ultrasonic wavelength. A localized receiver, which is significantly smaller than the ultrasonic wavelength, has omnidirectional sensitivity, since the distribution of the acoustic pressure along the sensor can be considered uniform. Thus, a fiber optic Fabry-Perot interferometer with 25-m cavity length was reported to have near-omnidirectional sensitivity below 10 MHz. 22 Contrarily, the response of an extended receiver with a length longer than the ultrasonic wavelength usually exhibits a highly directional angular sensitivity pattern with a strong maximum at normal incidence. For instance, it has been reported that long-cavity Fabry-Perot 21 and Sagnac 4 fiberized interferometers are sensitive to ultrasound only within a small angle of Ϯ2 deg off the normal to the fiber for insonification length of about 10 mm. The length of the FBG sensor used in our experiments was 1.7 mm, i.e., it was comparable to the ultrasonic wave- length in water in a 0.5 to 3 MHz range. The overall frequency response of the sensor ͓see Fig. 7͑b͔͒ follows the tendency described before: the sensitivity to high-frequency components ͑1.5 to 3 MHz͒ decreases when the angle of incidence is larger than 20 deg, while the lower frequency components of 0.5 to 1.0 MHz can be detected at larger angles up to 60 deg. However, the strong maximum of the detected signal at Ϯ30 deg of incidence ͓see Fig. 7͑a͔͒ shows that there is at least one other factor responsible for strong amplification of the signal at this particular angle. Unusual amplitude fluctuations of the FBG signals were also reported by Fisher 15 in the case when a continuous narrowband ultrasound wave was focused on a fiber at some distance from a FBG. These amplitude fluctuations were attributed to standing waves in the fiber that were induced by the continuous ultrasonic excitation that they used in their experiments. In our experiments, pulsed ultrasonic generation was used, and this cannot lead to the appearance of standing waves. However, as discussed next, axially guided fiber waves can propagate through the fiber and these can introduce modulation of the FBG period.
Response of the FBG Sensor to Axially Fiber
Guided Waves
Experimental Procedure
To check the response of the FBG sensor to axially guided waves, the following experiment was performed. A toneburst of 2.25-MHz frequency was generated by a PZT transducer. The angle of incidence was selected to be 30 deg ͓equal to the peak of the measured directivity pattern of the sensor shown in Fig. 7͑a͔͒ . The distance from the PZT to the fiber was 60 mm. The insonification point was scanned along the fiber length as shown in Fig. 8͑a͒ . The amplitude of the signal versus the insonification position and the normalized signals are shown in Figs. 8͑b͒ and 8͑c͒ . The ultrasonic traces obtained in this experiment show that the FBG sensor is sensitive to axially guided ultrasonic waves. These waves can be detected even if the FBG sensor is 50 mm from the point where ultrasound is impinging on the fiber. This can only be due to presence of axially guided waves. It is seen from Fig. 8͑c͒ that the ultrasonic packet travels along the optical fiber with an average velocity measured to be 3630 m/s.
Theoretical Model of Axial Guided Waves
Acoustic guided wave propagation along cylindrical rods with and without coatings has been extensively investigated both experimentally and theoretically. A comprehensive review of these studies was published by Thurston. 23 The principal guided wave modes that can propagate in a road are longitudinal, torsional, and flexural. Different orders of these modes can be excited. The velocity and attenuation for each mode is a complicated function of frequency, geometry, and the mechanical properties of the rod and the surrounding medium. 23, 24 In general, for wavelengths that are much larger than the diameter of the rod, the waves in the rod propagate essentially like waves in a homogeneous rod with properties that are average for the properties of the core and cladding. At the opposite extreme, when the wavelength is much smaller than the diameter, the waves propagate as if in a rod with an infinitely thick cladding. 23 For the single-mode optical fiber used, the diameter of the quartz core is 0.125 mm and the outer diameter of the acrylic jacket is 0.25 mm. These are much smaller than the wavelength of ultrasonic waves in the low megahertz range ͑1.8 mm at 2 MHz for measured velocity of 3630 m/s͒. Therefore, the elastic pulse can be treated as propagating as a plane wave in the optical fiber. In this case, a lumped element model proposed by Beadle 25 can be used to calculate of a velocity of longitudinal waves propagating in the optical fiber. According to this model, an elastic wave propagates in the fiber with a velocity that is determined by an area-weighted average of the material properties of the glass core and acrylic coating of the fiber. The velocity of longitudinal waves in the optical fiber v f can be calculated from the following expression:
where E 1 and E 2 are the Young's modulus values for the glass core and acrylic coating of the fiber, respectively; 1 and 2 are the densities of the glass core and acrylic coating of the fiber, respectively; and r is the ratio of the radius of the glass core to the radius of the coated fiber. 25 The optical fiber can be modeled as a quartz glass cylinder with diameter of 125 m, density 2200 kg/m 3 , Young's modulus 7.2•10 10 N/m 2 , that is coated by an acrylic jacket with the outer diameter of 250 m, density 1168 kg/m 3 , and Young's modulus 0.75•10 9 N/m 2 . The theoretical longitudinal velocity v f ϭ3611 m/s calculated for these parameters using expression ͑5͒ agrees very well with the experimental value of 3630 m/s.
Influence of Axially Guided Waves on the Angular Response of the FBG Sensor
The phenomena of axially guided waves provides an explanation for the strong side lobes of the directional response of the FBG sensor at Ϯ30 deg. We attribute the appearance of these lobes to a coherent addition of the axial fiberguided ultrasonic wave and the direct acoustic wave transmitted through the water. The schematic in Fig. 9 shows that coherent addition of direct and axially guided waves will occur when the travel time for ultrasonic waves through the medium m and the travel time f for the axially guided waves are equal. The angle of incidence that will provide this condition ͑see Fig. 9͒ can be estimated as:
where v m is the acoustic velocity in the medium, and v f is the velocity of the axial guided wave in an optical fiber. In our case the acoustic velocity in water is v m ϭ1480 m/s, and the measured velocity of the axially guided wave is v f ϭ3630 m/s. The calculated angle for a coherent addition of direct and fiber-guided waves is Ϯ24 deg. This value agrees reasonably well with the experimentally observed maximum of the directional sensitivity of the FBG sensor at an angle of Ϯ30 deg ͓see Fig. 7͑a͔͒ . Proper acoustic shielding of the optical fiber outside of the FBG can significantly reduce the amplitude of axially guided waves. At the same time, the sensitivity of the FBG to guided waves offers an interesting opportunity for sensing applications. For instance, Papadakis has reported that the cure state of epoxy can be monitored by measurements of ultrasonic guided wave attenuation caused by leakage of energy from a wire embedded into an epoxy resin. 26 The FBG sensor potentially can be used for process monitoring applications based on this approach.
A detailed investigation of the acoustic guided waves in optical fibers will be beneficial for better understanding of the performance of other localized fiber optic ultrasonic sensors, 5, 11, 22 since all of them are potentially sensitive to this factor. Fiber optic ultrasonic sensors based on Michelson, Sagnac, and long cavity Fabry-Perot interferometers on the other side are much less sensitive to the axial guided acoustic waves, which only provide a constant dc phase offset, while most of these sensors are ac coupled devices.
Conclusion
A fiber Bragg grating sensor for detection of ultrasonic waves in liquids and solid structures is described and characterized in terms of its sensitivity, directivity, and frequency response. The main features of the proposed device are: 1. direct modulation of laser intensity by ultrasound, which eliminates the need for optical demodulators; 2. simplicity of design; and 3. high sensitivity through a broad frequency range ͑0.01 to 5 MHz͒. It was shown that the response of the sensor is defined by a combined action of direct ultrasonic waves propagating through the medium and axially guided acoustic waves. This result is an unusual response of the sensor to obliquely impinging ultrasonic waves. In practice, it means that the FBG ultrasound sensor, as currently understood, is suitable for relative measurements of oblique ultrasonic waves, while quantitative measurements are limited to the case of normal incidence.
